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Foreshocks are sometimes observed before earthquakes
rupture nucleation remains unclear"***. Classical models often assume that nucleation
arises from slow, quasi-static slip governed primarily by fault weakening™ %, typically
neglecting impulsive precursory events. Here we show, using laboratory experiments
and arate-and-state-based Griffith-like rupture framework?, that foreshocks, when

"3 yet their role in controlling

they occur at the onset of or during nucleation, can fundamentally regulate earthquake
initiation. We find that the slip burstinduced by foreshocks imparts a transient sliding
velocity, V;;,,, whose magnitude is set by foreshock size and which robustly predicts
both nucleation duration and spatial length. Larger foreshocks generate higher V,;,
and trigger amore rapid transition to dynamic rupture, whereas smaller foreshocks
produce long-duration quasi-static growth and very smallimpulses lead to ruptures
entirely arresting. Extending our theoretical framework to tectonic faults, we show
that foreshock and associated slow-slip sequences preceding natural earthquakes
seem to follow the same scaling. These observations allow us to constrain realistic
characteristic nucleation slip distances of 0.3-3.0 mm, orders of magnitude
smaller than those inferred for dynamic rupture®. Our results demonstrate that
foreshock-induced transients set the timing and potential detectability of earthquake

nucleation®.

Understanding the nucleation of frictional rupturesis a central challenge
in earthquake mechanics'®. Beyond earthquake physics, nucleation pro-
cessesare generic tofrictional instabilities. Nucleation refers to the early
processes thatinitiate fault rupture, marking the transitionfromastable,
locked faultto anunstable, dynamically slipping one. Coseismic rupture
istheoretically expected tobe preceded by quasi-static slip, growingin
space and time until it reaches a critical size that may trigger dynamic
failure®™ 2. This behaviour is observed in both rate-and-state'¢***>* and
slip-weakening models™>**?, These foundational studies suggest that
thenucleationlength, a critical measure of the size of the slipping zone
before dynamic rupture, is primarily governed by the fracture energy
ofthe faultinterface, G., and the weakening rate within the nucleation
region'. However, the physical parameters that control the duration
and detectability of this stable phase remain poorly understood®%. Asa
result, itis stillunclear under which conditions geophysical observations
mightreveal precursory signals. Some earthquakes seemto be preceded
by a prolonged nucleation stage? **%%, potentially accompanied by
foreshocks"**#%8 whereas many others exhibit no detectable dynamic
precursor activity at all. These contrasting observations highlight the
need for further investigation into the various physical mechanisms
that may govern earthquake nucleation. Key open questions include:
(1) whether all earthquakes exhibit quasi-static nucleation; (2) how fore-
shocks affect nucleation; and (3) whether the slip distance governing
dynamic rupture also applies to nucleation.

We report laboratory experiments that, for the first time to our
knowledge, directly capture how foreshocks control the nucleation

of earthquakes. A small initial slip event sets the transient sliding
velocity, which in turn dictates the duration and scale of the nuclea-
tion phase before dynamic rupture. Our results are supported by
a theoretical framework based on a rate-dependent Griffith-like
equation of motion (EoM), formulated using rate-and-state friction.
Finally, we extend this theoretical framework to natural earthquakes
preceded by foreshocks, enabling constraint of the characteristic
nucleation parameters of large earthquakes, challenging standard
estimates.

Two decades of nucleation duration

We conducted experiments using a biaxial loading apparatus (Fig. 1a;
see Methods for details). Three representative nucleation phases from
asingle experiment are shownin Fig. 1b-e. Despite having nearly iden-
tical initial stress conditions (Fig. 1b), the duration of the nucleation
phase varied by more than an order of magnitude, ranging from 0.6
to12.7 ms (Fig. 1c-e), and reached maximum values of about 80 ms
across the experimental suite, highlighting the intrinsic complexity
of nucleation dynamics.

Note that the three selected representative nucleation phases are
observed to initiate with a foreshock (Fig. 1c-e and Extended Data
Figs. 1g-i and 2a-c). In many cases, further foreshocks can be clearly
identified before the onset of the main rupture (Extended Data
Fig.1g,h). Theinitiation of nucleation with a distinct foreshockis a con-
sistent feature across the experimental dataset. The primary exceptions
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Fig.1|Large variationsinnucleation duration despite similar stress states.
a, The experimental set-up of frictional stick-slip experiments. Two PMMA
blocks (D) withlengths, heights and widths of (x, y, z) = (40,10, 1) cmand
(x,y,2)=(45,10,1.8) cmare contained inasteel sample holder (C). Anormal
load, Fy, isfirstapplied by three vertical hydraulic pistons (A), withitsnominal
value given by ananalogue gauge and value in force measured by aload cell (B).
Then, ashearload, Fg, is applied using a fourth piston (J) by a hydraulic pump
ataconstantinjectionrate. Aspacer canbeadjusted to allow for varied

stress states (I). Twelve strain-gauge rosettes are located aty =3 mm (G).
Tendisplacement sensors measure local slip (F). Twelve horizontally oriented
accelerometersarelocated aty =30 mm (E). One piezoelectric sensor is used
totrigger ahigh-speed cameraand synchronize all recording systems (H). The
use of the high-speed camerawitha polarized light source and the photoelastic

areeventsinwhich no discernible nucleation phaseis present; inthese
instances, theinitial foreshock evolves directly into dynamicrupture,
without the intermediate stage of detectable quasi-static slip-front
propagation (Extended DataFig. 3).

Weakening rate and nucleation duration

Asslip, 6, initiates withinthe nucleating patch, the shear stress, 7, begins
to decrease, reflecting fault weakening. Initially, the slip-weakening
rate, 3—;, is steep, meaning that a substantial stress drop occurs over a
small amount of slip. However, the weakening rate progressively
decreases as slip continues, eventually approaching a quasi-steady
residual shear stress level (Fig. 2). Previous studies have shown that
sharper weakening rates resultin smaller nucleation lengths”. These
studies generally indicate that weakening rate has a similar effect on
nucleation duration, which further depends on, for example, loading
rate”. Yet, the example events show similar weakening rates despite
anorder of magnitude difference in nucleation duration (Fig. 2).
Moreover, the two orders of magnitude variationin nucleation dura-
tions observed across the full experimental suite cannot be easily attrib-
uted to differences in weakening rate. In fact, the initial weakening
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properties of PMMA allow for the tracking of the propagating crack tip*”*®

(Methods). &55, £y, and £,; denote the strains oriented 315°, 0°, and 45° clockwise
fromthe ydirection.Scalebar,20 mm.b-e, Three example events, which are
the 6th,2nd and 9th dynamicevents, respectively, recorded fromthe same
experiment atanominal normalstress of 150 bar but with different nucleation
durations (12.7,3.6 and 0.6 ms). b, The stress profiles 0.5 s before the dynamic
events.c-e, The corresponding videograms of the dynamic events, which
visualize rupture progression. The acceleration recorded by the left-most
accelerometeris shown to theright of the videogram. Nucleation is taken to
beginwith aforeshockrecorded by theaccelerometers (white star) and tobe
achieved when rupture velocity reaches 10 m s (black shape corresponding
to specific event), allowing for the calculation of nucleation duration, At,, and
length, ¢,.

seems to be insensitive to pressure, that is, non-frictional, as the drop
in strength is essentially constant despite substantial differences in
normal stress for many events.

Foreshocks and the onset of sliding

Although the stress criticality does not seem to vary greatly between
cases of slow and rapid nucleation (Fig. 1b), theinitialimpulseimparted
to the nucleating patch does (Extended Data Fig. 4). The initial fore-
shock generates a burst of sliding velocity along the fault. This rapidly
decays to a minimum transient sliding velocity, V., (Fig. 3a,b). The
value of V,,;, is found to be positively correlated with the size of the
foreshock, suchthatlarger foreshocks produce higher transient sliding
velocities (Fig. 3b,c). Thisrelationship suggests that the initial energy
imparted by the foreshock plays akey rolein controlling the evolution
and duration of the nucleation phase.

Effectively, a clear correlation emerges between nucleation dura-
tionand foreshock size (Fig. 4a): events with longer nucleation phases
aretypically preceded by smaller foreshocks and accumulate greater
amounts of quasi-static slip before transitioning to dynamic rupture.
This trend is not only evident in the present experimental dataset but
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Fig.2|Comparable weakeningrates for an order of magnitude differencein
nucleation duration. The weakening (change of shear stress) as afunction of
slipwithinthe nucleating patch. The figure corresponds to the same three events
showninFig.1.Thesethree events occurred at similar normal (0.8, 0.8 and

0.9 MPa) and peak shear (1.1,1.1and 1.4 MPa) stresses. The colour bar indicates
the time normalized by the nucleation duration and ablack shape corresponding
totheeventindicates the momentnucleationis considered to beachieved.
The datacorrespond to aposition of5.2 cm, the approximate position of the
foreshocks asseenonthevideogramsinFig.1c-e. The dataof the two nearest
strain gauges (5.1and 8.0 cm) and displacement sensors (3.5and 6.5 cm) are
linearly interpolated to this position. The data are subjected to alow-pass filter
of10 kHz. The dataare zeroed to the rupture front as seen by the high-speed
camera (Fig. 1a), resulting in slight mismatch, evidentin particular for small
values of slip.

also seems consistent with observations from natural earthquakes
(Fig. 4a). A general pattern of nucleation behaviour can thus be iden-
tified (Fig. 3a,b). The sequence begins with a foreshock that triggers
aburstinsliding velocity locally along the fault and crack expansion.
This sliding velocity then decays to a minimum, that is, the so-called
transient sliding velocity V,,,, corresponding to a quasi-static slip
phase, before both sliding velocity and rupture velocity accelerate
exponentially (Extended Data Fig. 2), ultimately leading to dynamic
rupture onset.

Although natural earthquake rupture may not always be triggered by
discrete foreshocks, larger foreshocks lead to higher transient sliding
velocities, V,;,, both during and immediately following such precursory
activity. Thistrendis clearly evidentin our experimental data, in which
larger foreshocks correlate with higher values of V,,;, (Fig. 3c).

Equation of motion

We now seek to reconcile our experimental observations with a state-
of-the-art rupture model, grounded in rate-and-state friction. Gara-
gash*developed an EoM linking rate-and-state parameters and loading
conditions to describe the nucleation and propagation of frictional
ruptures. It reads:

Kbg(Afé; F, Vl’) + KfS(A T,'P) = KC(Vr)‘ (1)

Here all terms are implicit functions of the frictional parameters
(a,b,L),inwhicha, band L and are the direct effect, evolution effect
and state-evolutionslip distance, respectively. K, is the stress intensity
factor (SIF) owing to the background stress. It depends on the initial
overstress Af,at ambientsliding velocity V,, the crack half-length £and
rupture velocity v,, following rate-and-state friction. K; denotes the
SIF contribution from the foreshock and depends on #and alocalized

Coulomb force of magnitude AT =< u’8,, in which g’ is the apparent
shear modulus and &, is the asperity slip. Ultimately, the two SIF con-
tributions must balance the fault toughness K., which increases with
v,, owing to the rate-dependent frictional response. The exact form
of the SIFs is not required to qualitatively match experimental obser-
vations, as long as K, increases with £ but K decreases with . This
defines a ‘well’ in the energy available to drive the rupture at some
intermediate crack length***!, which, when balanced with K.(v,), sets
atransient minimum inthe rupture propagation and sliding velocities
(Methods).

Nucleation dynamics are therefore controlled by two parameters,
Af,and AT, whichscale the aforementioned dependence of K, and K,
on the crack length, respectively. As shown in Extended Data Fig. 6,
the EoM predicts three possible nucleation scenarios: (1) a transient
deceleration followed by arrest without the nucleation of dynamic
rupture; (2) deceleration to V,,;, followed by a prolonged quasi-static
phase duringwhich bothslip and rupture velocity accelerate, eventually
transitioning to dynamicrupture; or (3) near-immediate acceleration
into dynamic rupture, without a quasi-static phase. All three behav-
iours are observed in our experimental dataset (Extended Data Fig. 7,
Fig. 3aand Extended Data Fig. 3) and can be rationalized using the EoM.
Indeed, following equation (1), rupture initiation is initially driven by
the impulsive force AT. As the crack grows, the foreshock contribu-
tion K, decreases with increasing ¢, promoting rupture deceleration.
However, the background contribution K, increases with £and tends to
acceleratethe crack. Crack growth, inturn, raises the sliding velocity V,
whichincreases the transient stress drop, owing to the rate-weakening
nature of theinterface, and feeds K., This feedback can sustain or arrest
rupture depending on foreshock magnitude, represented by AT, as it
defines early-stage sliding velocity and thus the transient strength of
theinterface. When AT is too small, theincrease in K, with increasing
crack half-length ¢isinsufficient to offset the associated decrease in K
and rupture arrests (regime 1). By contrast, alarge AT generates high
transient sliding velocities, leading to rapid growth of K, and immedi-
ate transition to dynamic rupture (regime 3). Between these extreme
cases, amoderate AT induces a slower but self-sustained increase in
Ky, reinforced by the positive feedback of £and V, resulting in delayed
dynamic rupture (regime 2). Here the overstress Af, primarily sets
the baseline value of the transient stress drop and thus controls the
threshold values of AT that determine the transition between nuclea-
tion regimes.

Moreover, the EoM offers an explanation for the observed variabil-
ity of the nucleation length €. and the lack of a clear correlation with
normal stress o (Fig. 4b), which is otherwise expected in nucleation
models®?** and reported in some experimental studies”>>**, neither
of which generally consider impulses. The predicted nucleation size
of the EoM for ageing frictional faults is bounded by the maximum
value = % - al Y. ’;—;L (ref. 20). This terminal value is, however, app-
roached by nucleation transients driven by a vanishingly smallimpulse
on aneutrally or slightly understressed fault (Extended Data Fig. 8).
Otherwise, both the overstress and the impulse imparted by the fore-
shock act to materially reduce the nucleation length compared with
£.by asmuch as an order of magnitude (Extended Data Fig. 8).

Insummary, the EoM offers a physical explanation for the observed
rupture behaviour during nucleation. The advancing crack tip draws
energy fromboth theinherent stress state along the fault and the stress
concentration (or redistribution) generated by the foreshock. How-
ever, these two contributions are not necessarily readily constrainable
in both laboratory and natural settings. Instead, as these two com-
ponents are the only contributors to the energy balance of the EoM,
their combinationresults in one unique nucleation behaviour or crack
development path (Fig. 3b). This unique crack development path is
characterized by the minimum transient sliding velocity V,,;,, which
then, as asingle parameter, dictates nucleation behaviour (Fig. 4cand
Extended Data Fig. 9a).
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Transient slip rate controls nucleation

The nucleation length of the experimental events is positively corre-
lated with the nucleation duration (Fig. 4b). This trend holds not only

4 | Nature | www.nature.com

Fig.3|Foreshocksize predicts the transient sliding velocity of the nucleating
patch. a, Thessliding velocity of the three events shownin Fig. 2. The black
symbolsshow v, =10 ms™. Note theinitial sliding velocity due to the foreshock,
itsreduction after the foreshock and the reacceleration up to dynamic rupture
propagation. The foreshocks of these three events have estimatedslips, &,, of
0.72,0.99and 1.86 pm (Extended DataFig. 2e) in order of increasing foreshock
size, A¢,(Methods). b, EoM simulation runs, characterized by anasperity slip, 6,;
Afy=0.Thesimulations with §, most closely corresponding to the experimental
eventsinaareshownwithdark lineswithv,=10 ms™indicated by stars (Extended
DataFig.5).c, After the foreshock, the slip evolves exponentially with time
(Extended DataFig. 2). This assumed evolutionis fitand its derivative is evaluated
atthe foreshock, yielding the initial minimum sliding velocity of the patch at
the onset of nucleation. The slip accrued during the foreshock, &,, is taken as
thejumpinslip at the moment of the foreshock (Extended Data Fig. 2). Larger
foreshocksyieldlarger V,,;,. Thisresultis predicted by the EoM, considering
a/b=0.55, state-evolutionslip distances, L = 0.03,0.10 and 0.30 pm, and ambient
faultsliding velocity, V,=10"°ms™. The dashedlines represent EoM predictions
for the case with non-negative overstress. Events with negative overstress are
predicted to fallbelow these lines. For aand c, the foreshock amplitudeis given
by the colour bar. Theerror of §,is estimated as the difference between the
maximumand meandisplacementrecorded within 0.5 ms after the foreshock,
withthelower bound limited to 50% of the measured value. Theerror of V,;, is
estimated by propagating the 95% confidenceinterval of the exponential fit to
theslip-time data.

in our experiments but also in larger-scale (about 1 m) rock friction
experimentswithoutadistinguishable foreshock and for quasi-statically
slipping patches of natural earthquakes, in which the onset of nuclea-
tionisidentified by aforeshock. These foreshocks provide an empiri-
calbasis for estimating nucleation duration, A¢.. Largerimpulsive forces
(thatis, larger foreshocks) resultin higher transient minimum sliding
velocities V,,;, (Fig. 3b,c) and shorter nucleation duration At. and
nucleationlength ¢, (Fig. 4c). At ‘large’ sliding velocities V,;,, At.scales
astheinverse of V,;;,, At = ﬁ However, a progressive shift from this
inverse power-law behaviourto a constant nucleation duration A¢, = At,
is predicted at the transition between regimes 1 and 2, when V,;,
approaches the ambient sliding velocity V, (Extended Data Fig. 9c).
Therelationship between A¢, and V,,;, is quantitatively predicted by
the EoM using the frictional properties of polymethylmethacrylate
(PMMA) and realistic laboratory values for the state-evolution slip
distance L (equation (17)).

Notably, the observed dependence of nucleation duration on tran-
sient sliding velocity seems to extend to quasi-static slip patches
preceding certain natural earthquakes (Fig. 4d). The slope of this
relationship is consistent between our laboratory experiments and
natural events, but the natural earthquake data are offset by several
orders of magnitude. This offset implies that, for a given transient
velocity, natural faults exhibit much longer nucleation durations than
those observedinthelaboratory. This shift is attributable to differences
in frictional properties, specifically much larger state-evolution slip
distances and smaller values of the rate-weakening coefficient b - a
for natural faults, which may depend on faultlithology®. Furthermore,
part of the discrepancy may arise from the uncertainty in estimating
transient sliding velocities for natural earthquakes; our values, based
onindirect constraints and the assumption of exponentially increasing
slip, probably overestimate the V,,;, during nucleation. Indeed, these
data contain notable uncertainty because transient sliding velocities
fornatural earthquakes must be inferred indirectly fromeither geodetic
slip inversions or by assuming small repeater earthquakes recover
accrued aseismic slip deficit (Extended Data Fig. 10). Nevertheless,
variationsinthe a/bratio arising from possible differencesinrheology
and/or variations of state-evolution slip distance L, possibly related to
fault maturity®¢, are sufficient to explain the discrepancies observed
among the different earthquakes analysed (Fig. 4d).

Our experimental results provide new insight into the physics of
earthquake nucleation and allow us to revisit several key questions
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and thestress drop, causing K, to eventually grow to the dynamicrange
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0.30 um, a/b = 0.55and an ambientsliding velocity of 10 ms™. The colour
barindicates the quasi-static half-length at nucleation.d, The estimated
durationand transientsliding velocity of the nucleation phases of natural
earthquakes"**¢ 111340 These dataare estimated frominverted GNSS dataor
repeater earthquakes. However, Papanoa 2014 (pink) was a slow-slip event not
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(ref.13) and Valparaiso 2017 (ref. 6) (white) are not available such that a simple
averageis used to estimate V,,;,. EOM fits in dashed lines for state-evolution
ageinglawslip distances 0f 0.3,1.0 and 3.0 mmusing a/b=0.75and anambient
sliding velocity of 10> ms™. FitswithL =1.0 mmand a/b=0.30,0.75and 0.90 are
showninpink.

rate-independent frameworks, and providing a mechanism compat-
ible with a rate-dependent cascade up model™, even in cases in which
foreshocks are the dominant driving mechanism of the rupture tip (that
is, cascade-like). Larger foreshocks shrink the timescale and reduce
the stress criticality required for nucleation. The largest foreshocks
can themselves merge into a mainshock under sufficiently stressed
conditions. Yet, observations of quasi-static nucleation phases in
foreshock to main-shock sequences are relatively rare in nature. This
is probably because the impulses of most foreshocks are too small to
lead to nucleation after the initial slowdown (regime 1), too large to
notdirectly merge into amainshock (regime 3) or because quasi-static
phases are simply too difficult to identify in observations. (3) Does
the characteristic slip distance representative of dynamic rupture also
describe nucleation? These results allow for the inference of reasonable
ranges (between 0.3 and 3.0 mm) of state-evolution slip distances, L,
of real earthquakes during their nucleation phases (Fig. 4d). These are
anotable departure from the larger values of L inferred for dynamic
rupture; for example, the state-evolution distance of 0.8 m used for
modelling Tohoku-Oki?®
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Taken together, our results demonstrate that nucleationis adynamic,
rate-dependent process that can manifest in several forms and whose
characteristics hold important implications for understanding the
conditions under which rupture initiates and evolves. Beyond earth-
quakes, our results highlight a fundamental mechanism of frictional
failure that may also govern the stability of engineered and tribological
interfaces, as well as landslides and icequakes.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-026-10497-5.

1. Bouchon, M. et al. Extended nucleation of the 1999 M,, 7.6 Izmit Earthquake. Science 331,
877-880 (2011).

2. Kato, A. et al. Propagation of slow slip leading up to the 2011 M,, 9.1 Tohoku-Oki Earthquake.
Science 335, 705-708 (2012).

3. Ruiz S. et al. Intense foreshocks and a slow slip event preceded the 2014 Iquique Mw 8.1
earthquake. Science 345, 1165-1169 (2014).

4. Kato, A., Fukuda, J., Kumazawa, T. & Nakagawa, S. Accelerated nucleation of the 2014
Iquique, Chile Mw 8.2 earthquake. Sci. Rep. 6, 24792 (2016).

5. Kato, A., Fukuda, J., Nakagawa, S. & Obara, K. Foreshock migration preceding the 2016
M,, 7.0 Kumamoto earthquake, Japan. Geophys. Res. Lett. 43, 8945-8953 (2016).

6. Ruiz, S. etal. Nucleation phase and dynamic inversion of the M,, 6.9 Valparaiso 2017
earthquake in central Chile. Geophys. Res. Lett. 44,10,290-10,297 (2017).

7. Huang, H. et al. Matched-filter detection of the missing pre-mainshock events and
aftershocks in the 2015 Gorkha, Nepal earthquake sequence. Tectonophysics 714, 71-81
(2017).

8.  Socquet, A. et al. An 8 month slow slip event triggers progressive nucleation of the 2014
Chile megathrust. Geophys. Res. Lett. 44, 4046-4053 (2017).

9. Huang, H. & Meng, L. Slow unlocking processes preceding the 2015 Mw 8.4 Illapel, Chile,
earthquake. Geophys. Res. Lett. 45, 3914-3922 (2018).

10. Nishikawa, T. & Ide, S. Recurring slow slip events and earthquake nucleation in the source
region of the M 7 Ibaraki-Oki earthquakes revealed by earthquake swarm and foreshock
activity. J. Geophys. Res. Solid Earth 123, 7950-7968 (2018).

1. Ellsworth, W. & Bulut, F. Nucleation of the 1999 Izmit earthquake by a triggered cascade
of foreshocks. Nat. Geosci. 11, 531-535 (2018).

12. Huang, H., Meng, L., Blirgmann, R., Wang, W. & Wang, K. Spatio-temporal foreshock
evolution of the 2019 M 6.4 and M 7.1 Ridgecrest, California earthquakes. Earth Planet. Sci.
Lett. 551, 116582 (2020).

13.  Wang, K. et al. Migrating foreshocks driven by a slow slip event before the 2021 Mw 6.1
Yangbi, China earthquake. J. Geophys. Res. Solid Earth 129, e2023JB027209 (2024).

14. Mclaskey, G. Earthquake initiation from laboratory observations and implications for
foreshocks. J. Geophys. Res. Solid Earth 124, 12882-12904 (2019).

15. Ida, Y. Cohesive force across the tip of a longitudinal-shear crack and Griffith’s specific
surface energy. J. Geophys. Res. 77, 3796-3805 (1972).

16. Dieterich, J. Modeling of rock friction: 1. Experimental results and constitutive equations.
J. Geophys. Res. Solid Earth 84, 2161-2168 (1979).

17.  Campillo, M. & lonescu, I. R. Initiation of antiplane shear instability under slip dependent
friction. J. Geophys. Res. Solid Earth 102, 20363-20371(1997).

18. Ohnaka, M. A constitutive scaling law and a unified comprehension for frictional slip
failure, shear fracture of intact rock, and earthquake rupture. J. Geophys. Res. Solid Earth
108, 2080 (2003).

19.  Uenishi, K. & Rice, J. Universal nucleation length for slip-weakening rupture instability
under nonuniform fault loading. J. Geophys. Res. Solid Earth 108, 2042 (2003).

20. Rubin, A. & Ampuero, J. Earthquake nucleation on (aging) rate and state faults. J. Geophys.
Res. Solid Earth 110, B11312 (2005).

21.  Gvirtzman, S., Kammer, D., Adda-Bedia, M. & Fineberg, J. How frictional ruptures and
earthquakes nucleate and evolve. Nature 637, 369-374 (2025).

6 | Nature | www.nature.com

22. Garagash, D. Fracture mechanics of rate-and-state faults and fluid injection induced slip.
Philos. Trans A Math. Phys. Eng. Sci. 379, 20200129 (2021).

23. Kozdon, J. & Dunham, E. Rupture to the trench: dynamic rupture simulations of the 11
March 2011 Tohoku earthquake. Bull. Seismol. Soc. Am. 103, 1275-1289 (2013).

24. Bletery, Q. & Nocquet, J. The precursory phase of large earthquakes. Science 381, 297-301
(2023).

25. Dieterich, J. H. in Earth Source Mechanics (eds Das, S., Boatwright, J. & Scholz, C.) 37-47
(American Geophysical Union, 1986).

26. Lebihain, M., Roch, T., Violay, M. & Molinari, J. Earthquake nucleation along faults with
heterogeneous weakening rate. Geophys. Res. Lett. 48, e2021GL094901 (2021).

27. Latour, S., Schubnel, A., Nielsen, S., Madariaga, R. & Vinciguerra, S. Characterization of
nucleation during laboratory earthquakes. Geophys. Res. Lett. 40, 5064-5069 (2013).

28. Bouchon, M., Durand, V., Marsan, D., Karabulut, H. & Schmittbuhl, J. The long precursory
phase of most large interplate earthquakes. Nat. Geosci. 6, 299-302 (2013).

29. Guérin-Marthe, S., Nielsen, S., Bird, R., Giani, S. & Di Toro, G. Earthquake nucleation size:
evidence of loading rate dependence in laboratory faults. J. Geophys. Res. Solid Earth
124, 689-708 (2019).

30. Ripperger, J., Ampuero, J., Mai, P. & Giardini, D. Earthquake source characteristics from
dynamic rupture with constrained stochastic fault stress. J. Geophys. Res. 112, BO4311
(2007).

31. Garagash, D. & Germanovich, L. Nucleation and arrest of dynamic slip on a pressurized
fault. J. Geophys. Res. 117, B10310 (2012).

32. Rice, J. &Ruina, A. Stability of steady frictional slipping. J. Appl. Mech. 50, 343-349 (1983).

33. Ji, Y., Wang, L., Hofmann, H., Kwiatek, G. & Dresen, G. High-rate fluid injection reduces the
nucleation length of laboratory earthquakes on critically stressed faults in granite. Geophys.
Res. Lett. 49, e2022GL100418 (2022).

34. Marty, S. et al. Nucleation of laboratory earthquakes: quantitative analysis and scalings.
J. Geophys. Res. Solid Earth 128, €2022JB026294 (2023).

35. Blanpied, M., Lockner, D. & Byerlee, J. Fault stability inferred from granite sliding
experiments at hydrothermal conditions. Geophys. Res. Lett. 18, 609-612 (1991).

36. Gabriel, A.-A., Garagash, D. I, Palgunadi, K. H. & Mai, P. M. Fault size-dependent fracture
energy explains multiscale seismicity and cascading earthquakes. Science 385, eadj9587
(2024).

37. Nielsen, S., Taddeucci, J. & Vinciguerra, S. Experimental observation of stick-slip instability
fronts. Geophys. J. Int. 180, 697-702 (2010).

38. Schubnel, A., Nielsen, S., Taddeucci, J., Vinciguerra, S. & Rao, S. Photo-acoustic study of
subshear and supershear ruptures in the laboratory. Earth Planet. Sci. Lett. 308, 424-432
(20M).

39. Ohnaka, M. & Shen, L. Scaling of the shear rupture process from nucleation to dynamic
propagation: implications of geometric irregularity of the rupturing surfaces. J. Geophys.
Res. 104, 817-844 (1999).

40. Radiguet, M. et al. Triggering of the 2014 M,,7.3 Papanoa earthquake by a slow slip event
in Guerrero, Mexico. Nat. Geosci. 9, 829-833 (2016).

41.  Eyre, T. etal. The role of aseismic slip in hydraulic fracturing-induced seismicity. Sci. Adv.
5, eaav7172 (2019).

42. Karabulut, H., Glivercin, S., Eskikdy, F., Konca, A. & Ergintav, S. The moderate size 2019
September M,, 5.8 Silivri earthquake unveils the complexity of the Main Marmara Fault
shear zone. Geophys. J. Int. 224, 377-388 (2020).

43. Yamashita, F. et al. Two end-member earthquake preparations illuminated by foreshock
activity on a meter-scale laboratory fault. Nat. Commun. 12, 4302 (2021).

44. Xu, S. et al. Fault strength and rupture process controlled by fault surface topography.
Nat. Geosci. 16, 94-100 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026


https://doi.org/10.1038/s41586-026-10497-5
http://creativecommons.org/licenses/by/4.0/

Methods

Experimental set-up
A biaxial apparatus, CrackDyn, was used to perform the experiments
(Fig. 1a). The apparatus housed two PMMA plates (40 x 10 x 1 cm and
45 x10 x 1.8 cm). Experiments were conducted on PMMA rather than
natural rocks because it provides three main advantages for scal-
ing laboratory observations to natural fault systems. First, owing to
its lower elastic stiffness compared with rocks, the state-evolution
slip distance, L, and cohesive zone size, X, are smallerin PMMA. As a
result, a laboratory-scale PMMA fault is dynamically representative
of amuch larger natural fault, whereas a laboratory rock fault essen-
tially remains of the same scale as its natural counterpart. Second, the
reduced elastic properties and fracture energy, G., of PMMA ensure
that nucleation lengths, £, and £.., remain smaller than the total fault
dimension in the experiment, which is rarely the case in rocks, in
which nucleation patches can be comparable with or larger than the
laboratory fault. Finally, the birefringent properties of PMMA allow
for photoelastic visualization, enabling direct observation of nuclea-
tion growth and subsequent rupture propagation using high-speed
imaging.

The plates were characterized by a static Young’s modulus, E, of
3 GPa and a Poisson’s ratio, v, of 0.35. A normal load was applied by
three vertical pistons by means of steel sample holders. The pistons
were supplied by a Enerpac P141 hydraulic pump. Similarly, a shear-
ing load was applied by a single horizontal piston. This piston was
supplied by a Top Industrie PMHP-35-1000 hydraulic pump. The
force applied by each piston was recorded by a Scaime K13 load cell
at 500 Hz. Local strains were recorded by 13 350-ohm strain-gauge
rosettes (Micro-Measurements C5K-06-S5198-350-33F) located 3 mm
from the sample-sample interface. The strain gauges recorded at
2 MHz and were amplified by a factor of 10 by Elsys SGA-2 MK2 ampli-
fiers. Ten PHILTEC model D100-E2H2PQTS displacement sensors were
fixed across the sample-sample interface and recorded the local dis-
placement with arecording frequency of 2 MHz. Thirteen Briiel & Kjaer
Type 8309 accelerometers were glued horizontally approximately
30 mm from the sample-sample interface and recorded at 2 MHz.
These signals were amplified by aNEXUS conditioning amplifier 2692.
Finally, an EFFILUX EFFI-LINE3-WTR-600-000-POL-PWR-Clight source
was used to shine linearly polarized light through the sample. This
light then passed through a second linear polarizer before reaching
aPhantom TMX 6410 high-speed camera, which recorded 1,280 x 32
pixelsat1 MHz. Considering that PMMA is a birefringent material, this
allowed for the use of photoelasticity to track changesin stress across
the sample-sample interface”**%4, A piezoelectric sensor attached
to one of the PMMA samples was used as a trigger for an oscilloscope
(Picoscope 4224A), which generated a TLL-like signal that triggered
the camera and allowed for the synchronization of the other acquisi-
tion systems.

Experimental approach

Experiments were begun by applying 100, 150, 200, 250 or 300 bar
nominal normal stress (that s, the pressure indicated on the analogue
gauge of the pump supplying the vertical pistons). Next, the shear
stress was increased by setting a constant flow rate, 3cm>min™, on
the pump supplying the horizontal piston. These conditions were
kept constant until enough slip had been accumulated such that the
displacement sensors were out of range (approximately 0.5 mm).
A1.3x0.3 x10-cmstopper was placed between the lower-most PMMA
sample and the horizontal piston. By adjusting this stopper before the
experimentsuch thatitwasineitheraraised or alowered position, the
local loading conditions could be altered such that a wider variety of
events could be produced. Each of the five normal stresses were tested
withboth stopper positions, resultingin ten total experiments and 94
dynamicevents.

Data treatment
Asthestraingauges were set up in aquarter-bridge configuration, the
strain, g, could be found for the ith strain gauge as,

-4U;
2; ’ (2)
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inwhich U, is the voltage reading of the individual strain gauge, U, is
the excitation voltage, /,, is the amplification gain and J;is the gauge
factor of the strain gauge.

Inthis three-strain-gauge rosette, the strain gauges were oriented at
45°from one another, such that the principal strains were then found as

Si=
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inwhicheg,isthe vertical directionand £;;;and g,5are oriented 315°and
45° clockwise from vertical (Fig. 1a). Here x refers to the horizontal
direction and y refers to the vertical direction.

These strains were then converted to stress, g, considering Hooke’s
law in plane stress conditions,
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The values of stress were filtered with a low-pass filter at 10 kHz.

The camerarecorded greyscale imagesin a1,280 x 32-pixel matrixin
which the values ranged fromzero (black) toamaximum value (white)
of light intensity. Taking the first 20 frames as reference, the future
frames were compared with this reference to detect changesin stress
during rupture propagation, made possible by the stress-induced bire-
fringence of PMMA and the use of linearly polarized light*%. One of
the 32 rows (corresponding to the 1,280 pixels closest to the sample-
sampleinterface) wasisolated and used for this analysis. The readings
ofthe accelerometers were converted to accelerations using the indi-
vidually calibrated sensitivities of each sensor. Finally, the readings of
the displacement sensors were converted from voltage to gap distance
usingthe calibration provided by PHILTEC. They were then filtered with
alow-pass filter at 10 kHz. The nucleation duration was then defined
astheinterval between the foreshock recorded by the accelerometers
and the transition to dynamic rupture, marked by rupture velocities
exceeding 10 m s as recorded by high-speed imaging.

Foreshocks and nucleation length scaling

Inthe present experimental dataset, the onset of nucleationis system-
atically associated with a foreshock. This feature is specific to this series
of experiments and probably reflects the heterogeneous stress distri-
bution along the fault, which varies between PMMA plates. In other
laboratory studies, nucleation has been observed to occur without any
identifiable foreshock. In such cases, the influence of foreshocks on
the nucleation process cannot be investigated and the nucleation size
is, toafirst order, defined by its theoretical asymptotic value, £.. (ref. 20),
forunderstressed faults. The lack of foreshock initiating the quasi-static
nucleation phasein other bare-rock-surface experiments can probably
be explained by the scaling parameter 27, inwhich AT = i’6,, such that
the scaling parameter reads % Because L in PMMA (about 0.1 pm) is
one to two orders of magnitude smaller than typical values in bare-
surfacerock samples (1-10 um (ref. 46)), achieving acomparable influ-
enceofaforeshockinrock would require foreshockslips thatare10-100
times larger, or onthe order of tens to hundreds of microns. As shown,
for example, in ref. 14, such slip amplitudes are in many cases similar
tothose of the mainshock, suggesting that the foreshocks observedin
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those samples are probably much smaller and therefore contribute
less to the nucleation dynamics. However, on larger natural faults, the
absolute slip accumulated during foreshocks can be substantially
greater, potentially enabling foreshocks to exert adynamically notable
perturbation to the EOM. Note, however, that the EoM still describes
cases with vanishingly small foreshocks. The limiting case of AT> 0
resultsiné, - £..forthe ageing law (Extended DataFig. 8). Furthermore,
itshould be noted that ATneed not be supplied by a seismic foreshock.

The coexistence of foreshocks and a larger nucleation front can be
rationalized by considering the scale dependence of nucleation. At the
scale of several micron-sized asperities, local stress concentrations
lead to much higher effective normal stresses than the macroscopically
applied value. Because the theoretical nucleation size scalesinversely
with normal stress?,

L1 w1
T (1-a/b)*> bo 1 (1-a/b)?
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inwhich ¢, istheelasto-frictional length scale, these local stress ampli-
fications reduce the critical nucleation length at the asperity scale,
enabling small slip instabilities that manifest as foreshocks. At the
same time, the macroscopic nucleation process spans a much larger
portion of the fault, controlled by the bulk stress state and the effective
average 0, and cantherefore extend over dimensions much greater than
the asperity scale. This multiscale interplay explains how foreshocks,
drivenbylocalized asperity failure, can coexist with alarger quasi-static
nucleation front that evolves towards dynamic rupture, as recently
highlighted in the homogenized regime®.

Transient sliding velocity

Although the onset of stable slip is systematically triggered by a fore-
shock, the associated sliding velocity is too small to be found as an
instantaneous measurement. Instead, slipis seento increase exponen-
tially with time (Extended Data Fig. 2) and can fit with an exponential
function. The derivative of this function is found just after the foreshock
to provide the transient sliding velocity. A similar procedureis applied
tothe data digitized for natural earthquakes (Extended Data Fig. 10 and
Extended Data Table 1). Note that, in the case of data for natural earth-
quakes, these datarely on either inversion of the fault slip based on geo-
detic dataor the supposition that theslip during repeater earthquakes
is representative of the aseismic slip of the patch*. Both methods are
subject to several assumptions and potential errors. lllapel 2015 exhib-
ited repeater earthquakes beginning approximately 140 days before
the mainshock®. The cumulative slip of these repeaters was used to infer
aseismic slip, assumed to be representative of quasi-static slip associ-
ated with nucleation. Iquique 2014 exhibited repeater earthquakes
starting around 270 days before the mainshock®*. These repeaters were
used to infer aseismic slip, which was assumed here to be associated
with the nucleation of the mainshock. Alternatively, we could use GNSS
data®, which showed substantial movementbeginning approximately
17 days before the mainshock toinvert for aseismic fault slip. Note that
aM,, 6.7 earthquake occurred at the onset of this aseismic slip. How-
ever, a time series of this data is not available, such that a calculation
of Vi is not possible. Papanoa 2014 exhibited a slow-slip event that
began two months before a mainshock*. Although GNSS data can be
used to infer the slip velocity at the onset of this period, the notion
of Vi is unclear, as no known foreshock is associated with the start
of the event. Ibaraki-Oki 2008 exhibited repeater earthquakes in the
approximately 4 days leading up to the mainshock, with this sequence
accelerating substantially approximately 12 h before the mainshock™.
These repeater events were used to estimate aseismic slip assumed
to be associated with nucleation. Tohoku-Oki 2011 was preceded by
repeating earthquakes, beginning approximately 23 days before the
mainshock? Then,amagnitude 7.3 foreshock occurred approximately
2 days before the mainshock. The repeater earthquakes were used to

infer aseismic slip. It is considered that the first foreshocks initiated
nucleation, resulting in a slip velocity peak followed by a slip velocity
minimum (Extended Data Fig. 11). Next, the M7.3 probably had a strong
influence on the nucleation dynamics, resulting in another slip veloc-
ity peak and a new slip velocity minimum (Extended Data Fig. 11). It is
possible that the initial foreshocks are linked to the nucleation of the
M7.3, which itself governs the nucleation of the M9.0; however, note
thatother authors consider that the associated pre-slip occurred away
from the mainshock rupture zone*®. Here the initial foreshocks are
considered to initiate the nucleation of the M7.3 event, whichitself is
considered toinitiate the nucleation of the M9.0 mainshock. izmit 1999
exhibited a 44-min-long foreshock sequence". However, the exact
nature of this sequenceis controversial and it is unclear whether there
wasa precursory aseismic driving process. Here the assumptionis made
that these are repeating earthquakes representative of aseismic slip,
but it should be emphasized that this may not be the case. Valparaiso
2017 was observed to be preceded by repeater-type seismicity and
trenchward movement observed in GNSS data beginning 2 days before
the mainshock®. Although fault slip can be inverted from the GNSS
data, the full time series is not available. Instead, a simple average of
fault slip over the time interval was used to provide an upper-bound
estimate of V.. Yangbi 2021 was associated with migrating foreshocks
and repeating earthquakes, with a rapid migration beginning 30 min
before the mainshock®. During this period, GNSS data allows for the
inversion of aseismic slip, assumed to be associated with nucleation.
Unfortunately, the time series of this data is not available, so a simple
average is again used to provide an upper-bound estimate of V,;,.

Foreshock magnitude

Theforeshocks at the origin of all observable nucleation phasesin these
experiments are located using error minimization based on arrival
times. This localization allows for the assessment of the event magni-
tude by means of an averaged acceleration, A, found as*,

1 N, r 2
- | = i ‘max 6
As= N 2 (0.01’4' ] ©)
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inwhich N,is the number of accelerometers, ris the distance fromthe
sensor to the event location (normalized by a reference sphere of
0.01m) and A™*is the maximum acceleration measured by the sensor
during the event.

Unified framework for earthquake nucleation from laboratory
tonature

The EoM of the crack originates from the Griffith’s energy balance,
whichtogether with a set of simplifying assumptions, canallow for the
solving of the crack front propagation®®. Recently, the EoM framework
hasbeen applied to crack-like slip transients on rate-and-state frictional
faults?*?>>, Here we follow the EoM treatment by Garagash?, who con-
siders a plane-strain or anti-plane shear crack of half-length ¢, propa-
gating atinstantaneous velocity v, along a planar 1D fault, characterized
by the ambient sliding velocity V, and ‘overstress’, the difference
between the initial stress (ratio) f, = 7,/0 and the steady-state level of
friction at the ambient sliding velocity, Af, = f, = fis(Vo). The fault is
embedded inaninfinite elastic medium anditsrate-and-state-depend-
entresistance to sliding® is governed by three parameters: the direct
effect coefficient a, the state-evolution coefficient b and the charac-
teristic slip distance L over which the state of the sliding surface is
renewed (not to be confused with the apparent slip-weakening distance
oftherupture, 6.). Evolution of the state is often modelled in the frame-
work of either ageing'® or slip® laws, which manifest in different appar-
ent weakening behaviours of strength withincurredslipinatransient
(for example, behind a propagating rupture front). Specifically, atran-
sient governed by the ageing law corresponds to a rate of weakening
withslip (W= —g—;), whichis approximately independent of the strength



of the transient®*?, W= bo/L, whereas for the slip law, the weakening
rate increases with the transient strength, W= Af 0/L, in which Af, is
the maximum departure of friction from the steady state during the
transient (thatis, ‘friction breakdown’). Conversely, the apparent slip-
weakening distance 6. required to ‘break’ the strengthby amount Af 0
from the peak to the steady-state ‘residual’ value at the above values

A
of the weakening rate Wis anincreasing function of Af,, §. = (%}L, for

theageinglaw, whereasitisinvariant, 6. = L, for the slip law. Consider-
ing that friction experiments have shown the relevance of the ageing
law for PMMA>*, we use the ageing law for the rest of the analysis. How-
ever, previous studies have indicated that the slip law may be more
appropriate for natural fault material®, conversely to PMMA. Note that
the model presents a qualitatively similar behaviour using the slip law
(Extended Data Fig. 6). For consistency and simplicity, we extend our
results tonatural earthquakes using the ageing law rather than the slip
law (Fig. 4d).

EoM framework. The EoM considers the balance between the energy
releaserate G= I?Z/(Zﬁ) into the propagating crack tip with the frac-
ture energy of the frictional breakdown process G.. Here K = k(v,)K is
the dynamic SIF obtained from the static value K multiplied by the
wave-mediated dynamic prefactor k(v,) and 1 = g(v,)u’ isthe apparent
dynamic shear modulus formed from the static value u’ = g and dyna-
mic prefactor g(v,). These dynamic factors are mostly inconsequential
during the nucleation phase characterized by v, < ¢, withk=g=1,and
full expressions*are omitted here for simplicity. The fracture energy
of a rate-and-state fault can be defined as the breakdown work
G.=JAfodS expended near the rupture frontin dissipating the strength
excess over the steady-state value, Af=f—-f..(V), from its peak value
Af,, attained at the front, to zero some distance behind the front over
some slip distance 6 relatable to the state-evolution slip distance L.
Because the peak friction, which is approximately alnv,, and the peak
friction breakdown, Af, = binv,, areincreasing with increasing rupture
velocity by the direct and state-evolution effects, respectively, so is
the fracture energy G.. Contrary to the energy release rate G, which
materially depends on v, onlyinthe seismic range, the dependence of
thefractureenergy G.onv,is persistent over the entire range of rupture
speeds, from quasi-static to dynamic. For the ageing law used here,
Garagash®gives

Af (v,)
Gv) =~ Liz(l - eXp[ JEbV DboL @

inwhichLi,is the dilog function. This expression further simplifies to

= (1/2)( ] bol for transients with Af,/b>1. The dependence on

rupture speed originates from that of the peak friction breakdown
Af,(v,), given implicitly by equation (2.17) in ref. 22. Here we use an
explicit expression,

AR 2 31 v\
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in which vy= exp(

) V, is the characteristic rupture velocity

embodying initial fault conditions (ambient sliding velocity V, and
initial overstress Af, = f, = fis(Vo)), ko = 0.838 and ProductLog ;(x)
denotes the —1branch of the Lambert productlog function providing
the real-valued solution of ne” = mfor -1/e < m < 0. The above explicit
inversion of Garagash’s equation (2.17) for Af, is exact for the slip law
caseandis an excellent approximation for the ageing law case consid-
ered here.Indeed, Garagash® observes that Af,(v,) is essentially indis-
tinguishable for the two laws when plotted in his Fig. 4a.

Reasonable (zeroth-order) approximations, Af, = bIn(v,/v,) and
G.=(1/2)(In(v,/7o))*bolL, allow us to readily glance at a simplified
(logarithm-based) relation of the peak friction breakdown and the
associated fracture energy onthe rupture speed across the entire range
of slip transients, from slow to fast.

The crack energy balance G = G, can be further recast as K=K,
in which the static SIF K matches the effective fault toughness

=(.Jg/k).j21’ G, with the prefactor (./g/k)(v,) encapsulating the
wave-mediated effects and G.(v,) the quasi-static-to-dynamic range of
the fracture energy.

TheSIF K = K, + Ki consists of the contributions from the background
stress, Ky, and the foreshock, K¢, which can be approximated by the
solutions for a bi-wing crack of half-length £ loaded by an effective
uniformly distributed stress drop At and alocalized, hypocentral
pointforce AT, respectively,

AT ©)
Jne

We note that an edge-crack geometry and corresponding slightly
modified expressions for the SIF components can be alternatively
used to describe the experimental ruptures, which start proximally
to one of the experimental fault ends. However, such a modification
is not expected to greatly improve the prediction of an already much
simplified model. To close-form the EoM, we now inform the SIFs with
expressions for the effective stress drop At.zand hypocentral force AT.
The hypocentral (foreshock) force AT, by adimensional argument, is

o= AT/l Kig=

AT=Cuy’é,, (10)
inwhich 6, is the foreshock ‘asperity’ slip and C= 0.3 is a numerical
coefficient, which will be used as a fitting parameter. The effective
(uniform) stress drop At is the energetically equivalent measure of
the actual, spatially varying stress drop along the crack defined as,

At(V)=(f, £, (V)o, (11)
the drop from the initial stress fyo to the ‘residual’ stress f(V)o set by
the frictional steady-state

£V =(f - Af)+ (a—b)ln(vloj, 1)

as parametrized here in terms of the fault initial state: f,, V, and
overstress Afy = f, — f..(V,). The spatial distribution of sliding veloc-
ity V= V(x) along the crack then defines the spatial distribution of
the stress drop. The energetically equivalent Az, can be found from
matching its SIF contribution (that is, Ki,) to that of Ar(V(x)), that s,

FJ“’ AT(V(X))d -3

(13)
Vo2 x?
Alternatively, we rewrite
¢ AT(V(x
A= AT(Veg) = — I ArVed) ()) (14)

JO2-x?

in which the effective sliding velocity V,is implicitly defined by the
second equality when the sliding velocity V(x) is known. Approximat-
ing the latter from the solution for the slip on the propagating crack
loaded by Arand AT (Section 3(b) of ref. 22) and solving for V¢ ulti-
mately resultsin

4K,

Verr = WW (15)
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Finally, the EoM

AT( Veff)m + % = c(vr)

together with the above expressions for K.(v,) and V (v, £) can be
solvedforv,asafunctionof cracklength . The relation between these
two parameters can be integrated to solve for time. Evolution of the
fracture toughness, fracture energy and sliding velocity also result.

In the main text, we simplify equation (16) by introducing
Kbg=AT(Veff)W. K, is increasing with crack half-length ¢ and
scales with the rate-dependent transient stress drop At—afunction of
the initial fault overstress parameter Af, defined as the distance
between the background stress ratio f, from the steady-state friction
value f,,(V,) at the ambient sliding velocity V,—and transient rupture
velocity v,.Inour experiments, the fault is probably neutrally or mildly
understressed (Af, # O; Fig. 3cand Extended Data Fig. 12). Furthermore,
we introduce K= AT /</m®, which denotes the SIF contribution from
the foreshock. It decreases with the crack half-length £ and scales with
alocalized hypocentral Coulomb force of magnitude AT < u’§,, gener-
ated by the impulse associated with the foreshocksslip, §,, that initiates
the nucleation process.

We note that the classical nucleation crack half-length £.. (ref. 20)
(equation (5)) emerges from the EoM in a formal asymptotic limit of
diverging, but not yet seismic, sliding velocity and rupture speed.
Indeed, inthis case, the SIF, dominated by the stress drop contribution,
K=Kpg=(b- a)o-/me x In(V,g/V,), balances the asymptotic expression
for the fault toughness K = ./u’bol x In(v,/v,). Given the proportio-
nality of the sliding velocity and rupture speed (equation (15)), the two
logarithmically diverging terms in the above are identical to the lead-
ing order, resulting in (b - a)o~/ml = Ju’bol , with the solution £ = £...
Conditionsunder whichthe theoretical nucleationlength £..describes
the actual nucleation process depend on the validity of the assumption
of an unbounded sliding velocity at nucleation, which allows for the
neglecting of finite contributions of the foreshock ATand understress/
overstress Af, to the SIF, as well as the neglecting of the difference in
the scaling factors under the logarithms in expressions for K, and K,
inthe above asymptotic analysis. Inreality, these various contributions
would have to be evaluated and compared at afinite rupture speed and
sliding velocity of the nucleation process (a fraction of seismic values)
to validate the applicability of the asymptotic solution.

Illustrative examples of EOM solution for the sliding velocity histories
resembling the experimentally observed, foreshock-mediated rupture
nucleation regimes are shown in Extended Data Fig. 6 and Fig. 3b using
the parametrization explained in the following. See Extended Data
Table 2 for a tabulation of the main variables.

(16)

EoM solution in parametric space. We use a suite of several simula-
tions of the EoM to investigate the dependence of the foreshock-me-
diated nucleation process: foreshock, transient slow slip, acceleration
to mainshock, as encapsulated by the nucleation time At,, nucleation
length . and the transient minimum sliding velocity V. ., on the fore-
shock force AT, initial fault conditions (Af, and V,,) and a set of fault
elasto-frictional constitutive parameters. We use a normalized EoM
formulation that allows for the reductlon ofthe parametricspacetoa
non-dimensional foreshock force, AT mltlal overstress, 20, ambient

v
sliding velocity, W’ anda smgle constitute parameter, the ratio
S

ofthe directto state coefficients, a/b. We present results for the PMMA-
like value a/b = 0.55 (ref. 56) while also performing a limited suite of
solutions for the rock-like value a/b = 0.75 (ref. 35) to further validate
the emerging correlations discussed below.

Nucleation length, nucleation time, transient minimum velocity
and inversion of fault-state-evolution distance. The EoM suite
of solutions for the normalized nucleation length versus nucleation

time is shown in Extended Data Fig. 8 for awide vanety of the non-

dimensional loading parameters foreshock force A7 (|mpl|c1t) initial
overstress f’ and nondimensional ambient slldmg veloc1tym

Length and time to nucleation decrease withbothincreasing foreshocsk
impulse and increasing faultinitial overstress. The theoretical nuclea-
tion length £., (refs. 20,57) serves as the upper bound, which is app-
roached asymptotically on understressed (Af, < 0) faults when the
foreshock force decreases to the Af,-dependent threshold value for
the transient arrest (and as time to nucleation diverges).

Performed EoM simulations show a collapse of time-to-nucleation
At versus minimum effective sliding velocity, Vg i, for awide variety
of the non- dlmenSIOnal loading parameters, ﬂ and %, and ambient
sliding velocity —2— B / T (Extended Data Fig. 9a) This collapse mani-
fests two asymptotic behaviours in which At =L/V,is aconstant for
transients with very small minimums sliding velocity, comparable with
the initial fault value, that is, when Vg i = Vo, and At = (L/ Ve min)
IN(Vig min/ Vo) Wwhen Vg i > V. Essentially, to the first order, At isinverse
in V¢ min With the low-velocity cut-off at about V,,. Small departure from
the collapsed curve on Extended Data Fig. 9a corresponds to the solu-
tionswithappreciable understress Af, < 0. This second-order behaviour
is more apparent when we remove the dominant (inverse in Ve i)
behaviour whenplotting the product A¢. V¢ ., in Extended Data Fig. 9b.

The overall relation between A¢. and Vg i, (Extended Data Fig. 9a)
can be well modelled by

1 L Veff min
At.= xD : 17
¢ ”(1 a/b) eff,min [ |/0 ( )
with the transition function
_~—l/a
DY) = [(cow + [Clln%j ] (18)
1

between the small-velocity, D= CyV, and large-velocity, D= CjIn (vll)

asymptotes, and fitting constants C,, C;, V; and a found as 0.64174,
1.33245,0.01332 and 2.15680, respectively. The asymptotes follow by
considering the time required to achieve the maximum stable crack
length, £.., at the minimum rupture velocity, v, ;,, itself dependent on
Vite min DY €quation (15).

To perform the fit of the EOM empirical relation of the time-to-
nucleation At.and the average minimum sliding velocity Vg ., (equa-
tion (17)) to the correlation of experimental events A¢, with the mini-
mum value of the sliding velocity V,,;, measured at afixed pointon the
fault, we need to relate the pointwise value V,;, to the crack-average
one Vi min. To accomplish this, we use the EoM approximate solution
for the sliding velocity distribution? V(x) = (V./2)(1 - (x/€)*) 2 and
model the sliding velocity measured at a fixed location on the fault
proximal to the foreshock as the hypocentral value of the EoM distri-
bution. In other words, we use the V .;,/2 of the model as the proxy
for the experimental V,;,.

Takinga=0.016and b = 0.029 for the PMMA laboratory fault®, equa-
tion (17) wasfit to the laboratory data, yielding a fault ambient sliding
velocity V,=1.35 x10"° m s™ and the state-evolutionslip distance of the
interfaceL = 0.19 pm comparable with approximately 0.4 pm inferred
from velocity-stepping experiments on a PMMA fault®®.

Similarly, in Fig. 4d, equation (17) was used to prepare possible fits for
the natural earthquake data assuming granite friction* witha = 0.014
and b = 0.019 and natural fault ambient sliding velocity V,=10"ms™
We note that the transient (minimum) sliding velocity values inferred
for the natural earthquakesin our dataset (Fig. 4d) are on the order of
or exceed the typical plate convergence rate, that s, V,,;, 210° ms™.
Thus, any suitable choice of the ambient sliding velocity assuming an
initially ‘locked’ fault, thatis, V, <« 10~°m s, will not have a substantial
effect on the EoM fit for the natural events.



Transient minimum velocity versus foreshock force versus fore-
shock slip. The EoM empirically predicts a collapse of Vi, and AT
only in the case of large overstress (Extended Data Fig. 12). In those
cases, wefind @ =10 x e#fu, inwhich AT = Cu’6,. We use this rela-
tion together wit(i1 the fitting constant C= 0.3 to produce the upper-
bound dashed curvesinFig. 3cfor different values of L bracketing the
best-fit value of 0.19 pm. Indeed, the EOM does not indicate that there
isaone-to-onerelationship between V ..,and the hypocentral force,
AT.Instead, Vi, also depends on the overstress. Rather, Vi i, and
itsexperimental proxy V., encapsulate the loading conditions on the
fault fromboth prestress and the foreshock (asperity slip) and cannot
bereduced to oneor the other.

EoM modelling of experimental sliding velocity history. The model
parameters used to produce the experiment-reflecting results for tran-
sientsliding velocity evolution of Fig. 3b are the same as used above for
PMMA with the addition of the shear wave speed takenas1,345ms™, the
apparentshear modulus taken as1.24 GPaand the normal stress taken as
0.8333 MPa (the average of the normal stresses givenin Fig. 2). The asper-
ity slip §,is converted into an equivalent hypocentral Coulomb force AT
using asingle asperity equivalent point force, AT = Cu’6, with C=0.3.
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Extended DataFig.1|Overview of collected data duringevents.a-i, The zeroed toits position onthe experimental fault and deviation from this
videograms of the eventsin Fig. 1overlain with variations in shear stress (a-c), position corresponds toachangein the measured parameterinaccordance
slipdisplacement (d-f) and acceleration (g-i). Inall sub-figures, the reading is withthescalegiveninthe top-right ofeach videogram.
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Extended DataFig.2|Accumulatedslip between foreshock and mainshock.
a-c, Theaccelerationsrecorded by the three closest accelerometers to the
foreshock plotted one ontop of the other for the events shownin Fig. 1. d-f, The
localslip recorded by the closest displacement sensor to the nucleating patch.
The momentatwhich the rupture front passes 10 ms*isindicated withastar.
Thenucleationtime, At,, is the time between the foreshock and the rupture

velocity reaching10 ms™. Both of these moments are indicated with dashed
verticallines. The slip during the foreshock, &,, is taken from the displacement
sensorsasillustrated. g-i, Thesame asind-fbut with slipshownonalog
scaletoillustrate that theslipis occurring. The slip isassumed to evolve
exponentially in time. Thisassumed evolutionis fitand the derivative evaluated
atthe time of the foreshock, yielding V,,.
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Extended DataFig.3|Anexample of an event withno discernible nucleation phase. a, The videogram of the event with aninset showing azoom-in on the start
ofthe dynamic event. b, The same videogram overlain with the accelerometer data, showing no discernible foreshock before the event.
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Extended DataFig.5| Therupture velocity corresponding to the simulations
showninFig.3b. The overstressis Af, = 0 and the asperity slip, §,, isshownon
the curve of each simulation. Dark lines correspond to the cases most closely
resembling the asperity slip of the experiments shownin Fig. 3a. Starsindicate
the nucleation of dynamicrupture.
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Extended DataFig.7|Frustrated nucleation. An example of anevent with an
extended quasi-staticslip phase but without the nucleation of dynamic rupture
(maximum rupture velocity approximately 4 ms™). a, The videogram of the

event.b, Thesame videogram overlain with the accelerometer data, showing
theinitiation of the quasi-static slip phase with aforeshock. ¢, The videogram
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overlain with thelocalslip displacement data. Note that, although this event
canbeinterpreted to nothave had an appropriate hypocentral force and
overstress to develop into dynamic rupture as predicted by the EoM, an
alternative interpretation could be that the crack tip propagatedinto an
understressed region (barrier), resultinginitsarrest.
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Extended DataFig.10| Thefitting of natural earthquakes.a-h, Demonstration

of how the transient sliding velocities of the Illapel 2015 (a, ref. 9), Iquique 2014  evaluated atthe start of the sequence, yielding an estimate of transient sliding
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(h, ref. 2) earthquakes were estimated. The data (Extended Data Table 1) were fit

values providingacrudeerror estimate.
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Extended DataFig.11|Slip development before Tohoku-Oki2011. a, The slip
datataken fromKato etal.?; their Fig. 3Bc. The slip dataare fit with a monotonic
shape-preserving cubicinterpolation (PCHIP). b, The derivative of the slip data
istakenwithrespecttotime. Aninitial spike inslip velocity canbe seen after the
first foreshocks approximately 23 days before the mainshock. The slip velocity
then decreases toaminimumbefore accelerating. Approximately 2 days before
the mainshock, the slip velocity accelerates to a peak associated with the M7.3
foreshock. Thesslip velocity then decreases to anew minimum, larger than the
previous minimum, before accelerating again towards the M9.0 mainshock.
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Extended Data Table 1| Laboratory and natural earthquake data from the literature

Earthquake Lab-quake Year At [sec] Quasi-static half length [m] Quasi-static slip [m] Y, [M/sec]
Tohoku-Oki M7.3* - 2011 1.75e6 - 0.075 1.2e-8
Tohoku-Oki M9.0* - 2011 1.35e5 37500 0.2 2.9e-7

lllapelt - 2015 1.21e7 25000 0.113 3.4e-9
lquiquet - 2014 2.33e7 55000 0.09 2.8e-10
Papanoa’ - 2014 5.26e6 125000 0.05 6.5e-10
Ibaraki-Okill - 2008 3.33e5 22300 0.017 6.6e-9
izmit" - 1999 2.64e3 150 0.0124 2.7e-7
Izmit# - 1999 2.64e3 150 0.160 1.3e-5
Yanbgi* - 2021 3.24e3 6750 0.2 6.17e-5+
Valparaiso*™ - 2017 3.46e5 45000 0.09 2.6e-7++
Kumamotott - 2016 1.00e5 10000 0.255 -
Silivrit - 2019 3.72e5 3500 - -
Duvernay$s - 2016 1.90e4 1000 - -
- Ohnaka and Shen, 1999l - 9.00e0 0.12 1.5e-5 3.6e-7
- McLaskey, 2019 - 4.50e0 0.38 5.8e-5 1e-7
- McLaskey, 2019# - 4.85e-2 0.94 - 1e-5
- Xu et al., 2023** - 1.22e1 0.635 - -
- Latour et al., 2013* - 1.2e-2 0.027 - -
- Yamashita et al., 202111t - 3.3e-1 0.55 - -

Details on data collection are provided with footnotes

*At, from Fig. 3. Quasi-static length from Fig. 2. V,;, from Fig. 3Bc (ref.2).

'Quasi-static length from Fig. 3b. Slip and At from page 3,918. V., from Fig. 4c evaluated at -140days (ref.9).

‘At, from abstract. Slip from Fig. 3b. Quasi-static length from Fig. 4. V,,,,, from Fig. 3b (ref. 4).

SQuasi-static length from Fig.2. V,,,, estimated from Fig.2c assuming mainshock at slip of 5cm and constant patch size (ref. 40).
IQuasi-static length and At, from Fig.5a. V,,,, from Fig.5d (ref.10).

Slip and V,,;,, from Supplementary Table1assuming shear modulus of 30 GPa. Patch size from page 879 (ref.1).

*Slip and V,;,, from Supplementary Table?2 (ref.11). Patch size assumed the same as ".

*Quasi-static length and slip from Fig.10b. At. from Stage IIl in Fig.10a (ref.13). V,,, taken as the average slip velocity (overestimate).
**Quasi-static length from Fig.5. At, from text page 10,293. Slip from Fig. 3 (ref. 6). V,;, taken as the average slip velocity (overestimate).
"Quasi-static length and At, from Fig. 3. Slip from page 8,951 (ref.5).

"Quasi-static length from abstract. At, from Fig.5 (ref. 42).

$At, from Fig.5d. Quasi-static length from Fig. 3 (ref. 41).

WALl data from Figs.20 and 21 (ref.39).

"At. and quasi-static length from Fig.2c. Slip and V,, from Fig.2b (ref.14).

*Quasi-static length from Fig.14a. At,, slip and V,;, from Fig.14b (ref.14).

**Quasi-static length and At, from Fig.2d. Figure2c considered dynamic (ref. 44).

““Data from Fig. 3 (ref.27).

"Quasi-static length and At, from Fig.2a (ref. 43).

"'The time series for these data is not available. Instead, an average slip velocity is used for V., resulting in probable overestimation.



Extended Data Table 2 | Tabulation of the principal variables
used in this study

Variable Name
a Direct effect
A Averaged foreshock acceleration

b Evolution effect
c, Shear wave speed
) Slip
3, Foreshock slip
Af, Initial overstress
Af, Maximum departure of friction from steady state
At Nucleation duration
AT Hypocentral Coulomb force
At Shear-stress drop
At Effective (uniform) shear-stress drop

)
=

Initial stress ratio
Steady-state level of friction
Dynamic prefactor
Energy release rate
Fracture energy
Wave-mediated dynamic prefactor
Stress intensity factor
Background stress contribution to stress intensity factor
Fault toughness
Foreshock contribution to stress intensity factor
Characteristic slip distance
Crack half length
Elasto-frictional length scale
Nucleation half length
Maximum nucleation half length (aging law)
Apparent shear modulus
Normal stress
Time
Shear stress
Peak shear stress
Characteristic rupture velocity scale
Rupture velocity
Fault sliding velocity
Ambient fault sliding velocity
Effective transient sliding velocity (model)
Transient sliding velocity
Slip-weakening rate

S <SS A=A FSeme™ = = X XA X x O QQyten

eff,min

The list is non-extensive.
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